We present high-temperature ferromagnetism and large magnetic anisotropy in heavily Fe-doped n-type ferromagnetic semiconductor (In 1-x ,Fe x )Sb (x = 20 -35%) thin films grown by low-temperature molecular beam epitaxy. The (In 1-x ,Fe x )Sb thin films with x = 20 -35% maintain the zinc-blende crystal and band structure with single-phase ferromagnetism. The Curie temperature (T C ) of (In 1-x ,Fe x )Sb reaches 390 K at x = 35%, which is significantly higher than room temperature and the highest value so far reported in III-V based ferromagnetic semiconductors. Moreover, large coercive force (H C = 160 Oe) and large remanent magnetization (M r /M S = 71%) have been observed for a (In 1-x ,Fe x )Sb thin film with x = 35%. Our results indicate that the n-type ferromagnetic semiconductor (In 1-x ,Fe x )Sb is very promising for spintronics devices operating at room temperature.
Carrier-induced ferromagnetic semiconductors (FMSs) are unique materials with both ferromagnetic and semiconducting properties. By using FMSs we can design new devices with spin-dependent output characteristics such as spin diodes. 1 and spin transistors, 2 which are very promising for non-volatile and low-power-consumption spintronics devices. To be used for realistic devices, however, FMSs must satisfy several fundamental requirements. First, their Curie temperature (T C ) must be much higher than room temperature (300 K). Second, both p-type and n-type FMSs are needed to make p-n junctions. Third, the magnetic anisotropy of FMSs must be large enough. Over the past years, however, many efforts on various FMS materials have failed to realize a FMS that can satisfy these three requirements. The prototypical Mnbased FMSs, such as (Ga,Mn)As and (In,Mn)As, have relatively large magnetic anisotropy, [3] [4] [5] [6] however, their highest T C value (200 K) is still much lower than room temperature (300 K) 7, 8 and there is no n-type Mn-doped III-V FMS available, making it difficult to realize ferromagnetic p-n junctions. Recently, we have realized a new class of FMSs using narrow-gap semiconductors, such as InAs, GaSb, and InSb, as the host semiconductors, and Fe as the magnetic dopant. Since Fe atoms replacing group III cation sites are in the neutral state (Fe 3+ ) in III-V semiconductors, we are able grow both p-type (Ga,Fe)Sb [9] [10] [11] , insulating (lightly p-type) (Al,Fe)Sb 12 , n-type (In,Fe)As [13] [14] [15] and (In,Fe)Sb. 16, 17 We have recently obtained T C = 340 K in (Ga 1-x ,Fe x )Sb with x = 25% 11 and T C = 335 K in (In 1-x ,Fe x )Sb with x = 16%, 16 which are the highest T C values reported in III-V FMSs so far. However, Fe-doped FMSs lack large magnetic anisotropy, thus they have small remanent magnetization and small coercive force, which are inappropriate for device applications. Furthermore, the highest T C (335 -340 K) obtained so far is not high enough for stable operation of spin devices at room temperature (300 K). Therefore, improvement on both the magnetic anisotropy and T C are strongly required. In this letter, to enhance the magnetic anisotropy and Table 1 show the schematic structure and parameters of our samples, respectively. The studied (In 1−x ,Fe x )Sb layers were grown on semi-insulating GaAs(001)
substrates by low-temperature molecular beam epitaxy (LT-MBE). To prevent precipitation of Fe atoms, the (In 1−x ,Fe x )Sb layers with x = 20 -35% were grown at a low substrate temperature T S = 200 -220°C and its thickness was reduced from 30 nm (at x = 20%) to 12 nm (at x = 30 and 35%) as shown in the 3rd and 4th columns of Table I . Here, the Fe flux was calibrated by secondary ion mass spectroscopy (SIMS) and Rutherford back scattering (RBS). The in situ reflection high-energy electron diffraction (RHEED) patterns observed during the MBE growth and X-ray diffraction (XRD) spectra of the (In,Fe)Sb layers show zinc-blende-type crystal structure without any visible second phase. This means that our (In,Fe)Sb thin films maintain the zincblende crystal structure of the host semiconductor and we confirmed successful growth of (In,Fe)Sb alloys [see Supplementary Information Section 1 for details of the MBE growth, RHEED patterns and XRD spectra].
We investigate the magneto-optical properties of our (In eV of the spectrum measured at 1 T. For a reference, we also show the MCD spectra of an undoped InSb and (In 1-x ,Fe x )Sb samples with x = 5% and 11% in Fig. 1(b) . 16 In all They may be due to the modification of the band gap energy of InSb by heavy Fe doping (x  20%), and/or the optical interference effect as observed in the MCD spectra of thin FMS films such as GaMnAs film (10-100 nm) 21 or (In,Fe)As film (10 nm). hysteresis curves even at 320 K, indicating that T C is higher than 320 K. As x increases, the MCD intensity saturates at a higher magnetic field, suggesting that the in-plane magnetic anisotropy become more dominant in these samples. Therefore, we suggest that a part of Fe atoms may reside at the interstitial sites in heavily Fe-doped samples, and such interstitial Fe atoms prefer anti-ferromagnetic coupling. which leads to the slowdown of increasing T C due to competition between anti-ferromagnetic coupling and ferromagnetic coupling.
In Fig. 3(d dependence of the intrinsic lattice constant a of (In1-x,Fex)Sb measured by XRD.
Magnetic circular dichroism (MCD) spectroscopy and normalized MCD -H characteristics
In this study, we investigate the magneto-optical properties of the (In1− and 35%), respectively, measured by RHall (dominated by AHE) and MCD at 50 K
